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INTRODUCTION
In recent years, the investigation of the polynuclear or polymeric assemblies formed by the uranyl cation with organic ligands, in particular polycarboxylates, has become one of the most prolific areas in actinide chemistry. [1] [2] [3] [4] [5] Among the huge diversity of architectures generated in these systems, closed species displaying well-defined cavities are steadily growing in importance, although they still constitute but a small subset. 5, 6 The first examples of uranylbased nanotubular assemblies, which can be considered as closed species of infinite length, incorporated phosphonate ligands, [7] [8] [9] [10] and several later examples were of purely inorganic nature. [11] [12] [13] Polycarboxylate ligands such as phthalate, 14 iminodiacetate, 15, 16 Kemp's tricarboxylate, 17 cis,cis-1,3,5-cyclohexanetricarboxylate, 18 and tricarballylate 19 have been shown as well to give nanotubular uranyl complexes. In such cases, not only has the geometry of the ligand to be adapted to the formation of tubular polymers, but the proper templating species and synthetic conditions have to be found, which leaves much room for sheer luck. A case in point is that of tricarballylate which, depending on the counterions used, crystallizes as two-dimensional (2D) triangular or square-grooved nets or as square-section nanotubules. 19 We have recently become engaged in an investigation of the effects of counterions of varying shape, bulkiness and modes of interaction on the dimensionality and topology of uranyl-organic assemblies. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [M(L)n] q+ cations, in which M = transition metal cation, L = 2,2ʹ-bipyridine (bipy) or 1,10-phenanthroline (phen), n = 2 or 3, and q = 1 or 2, appeared to be among the most productive [20] [21] [22] [23] [24] [25] [26] (it is notable that, even in the absence of carboxylate ligands, the U/M/L system has proven to be a rich area for investigation 34 We have now examined a family of dicarboxylic acids comprised of three positional isomers, 1,2-1,3-, and 1,4-phenylenediacetic acids, with a geometry and flexibility suitable for the possible formation of closed species, while retaining also the possibility to act as divergent linkers, and we have used all three isomers to synthesize uranyl ion complexes incorporating different counterions. These ligands, for which no uranyl complex has been reported previous to this work, differ by their larger separation between ligating sites and their increased flexibility from the more commonly used 1,2-, 1,3-, and 1,4-benzenedicarboxylates, for which 17, 15 and 30 crystal structures of uranyl complexes, respectively, are reported in the Cambridge Structural Database (CSD, Version 5.39). 35 While both the benzenedicarboxylates and the phenylenediacetates are formally considered as achiral molecules, they can in fact adopt chiral conformations which may be fixed in the solid state and this has been found to be a significant aspect of the coordination chemistry of the phenylenediacetates. In the formation of the complexes presently described, [M(L)n] q+ cations have again proven to be efficient structure-directing agents, yielding ten complexes which have been characterized by their crystal structure and emission spectrum in the solid state, and including several which crystallize as nanotubular species as well as one forming a 2D interpenetrated assembly.
EXPERIMENTAL SECTION

Syntheses. Caution! Uranium is a radioactive and chemically toxic element, and
uranium-containing samples must be handled with suitable care and protection.
UO2(NO3)2·6H2O (depleted uranium, R. P. Normapur, 99%), Co(NO3)2·6H2O, and Ni(NO3)2·6H2O were purchased from Prolabo. Cu(NO3)2·2.5H2O, Zn(NO3)2·6H2O, 1,2-, 1,3-and 1,4-phenylenediacetic acids, and 1,10-phenanthroline were from Aldrich, while Mn(NO3)2·6H2O was from Alfa-Aesar, and 2,2ʹ-bipyridine was from Fluka. Racemic
[Ru(bipy)3]Cl2·6H2O was purchased from Alfa-Aesar, and resolution giving both ∆ and Λ enantiomers was performed as previously described, 36 except that Na2[Sb(S,S-tart)2] (tart = tartrate) was used as the resolving agent in order to optimise the yield of the pure Λ enantiomer.
Elemental analyses were performed by MEDAC Ltd. at Chobham, UK. For all syntheses of uranyl ion complexes, the mixtures in demineralized water/organic solvent were placed in 10 mL tightly closed glass vessels and heated at 140 °C under autogenous pressure. The synthetic conditions are summarized in Table 1 . Crystallography. The data were collected at 100(2) K on a Nonius Kappa-CCD area detector diffractometer 37 using graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). The crystals were introduced into glass capillaries with a protective coating of Paratone-N oil (Hampton Research). The unit cell parameters were determined from ten frames, then refined on all data. The data (combinations of ϕ-and ω-scans with a minimum redundancy of at least 4 for 90% of the reflections) were processed with HKL2000. 38 Absorption effects were corrected empirically with the program SCALEPACK. 38 The structures were solved by intrinsic phasing with SHELXT, 39 grooves/mm) and a TBX-04 single photon-counting detector. The powdered compounds were pressed to the wall of a quartz tube, and the measurements were performed using the right-angle
mode. An excitation wavelength of 420 nm, a commonly used point although only part of a broad manifold, was used in all cases and the emission was monitored between 450 and 650 nm. The quantum yield measurements were performed by using a Hamamatsu Quantaurus C11347 absolute photoluminescence quantum yield spectrometer and exciting the samples between 300 and 400 nm. Å for the trans form. As a consequence, the nanotubular array is even more expanded than in 7, with a more regular oblong section of ∼19 Å × 7 Å and gaps of ∼11 Å along the chain length (the elongated section is reminiscent of that found in otherwise quite different uranyl diphosphonate nanotubules [8] [9] [10] , and also of the shape of the channels found in complex 5). The counterions fit snugly into the lateral apertures and occupy the central cavity ( Figure 10 The five complexes 6-10 contain anionic uranyl coordination polymers having the same connectivity, but the difference in ligand conformation (all trans in 6, mixtures of cis and trans in all the others, and variations in the degree of twisting) and the varying separation between carboxylate groups in the series of positional diacetate isomers result in an evolution, represented in Figure 11 , from a ladderlike assembly in 6 to a nanotubular geometry with a small inner channel in 7, and finally to a more typical nanotubular arrangement in 8-10, with a significant cavity, albeit very elongated and not cylindrical as more usual in nanotubes. The presence of one ligand in the cis conformation in 7-10 plays an essential role here in providing a convergent part, while the trans ligands span the larger sides. Considering the uranium 3-fold nodes, the point symbol is {4 2 .6} in all these complexes, corresponding to a succession of square rings sharing two nodes and tilted with respect to one another. Different topologies have been found in previous uranyl carboxylate nanotubules, which are represented in Figure 12 .
RESULTS AND DISCUSSION
Synthesis
The simplest cases apart from the present ones are those of nanotubules based on honeycombtype connectivity, and thus reminiscent of carbon nanotubes, such as are found in complexes with tricarballylate, 19 and all-cis-1,3,5-cyclohexanetricarboxylate, 18 the diameters of the tubules in these two cases depending on the curvature of the rings. In the case of phthalate, 14 both uranium and ligand are 4-fold nodes and the point symbol is {4 4 .6 2 }, the nanotubule being cylindrical, and with no gaps in its walls. The case of Kemp's tricarboxylate is more complicated due to the presence of decorating nickel(II) cations, but in this case also, the nanotubules are cylindrical with no lateral gaps. 17 Iminodiacetate is a peculiar case since the nanotubules are formed from the superposition of highly corrugated hexagonal rings. 15 Obviously, the present nanotubules are the simplest among the polymeric ones and they are also those most open to the outside environment due to the lateral gaps, from which their occupation by the bulky counterions ensues. Due to their flattened shape and lateral porosity, these assemblies would more properly be called 'tubelike', although 'tubular' is most often used here for simplicity. Moreover, 'nanotubule' may be a more proper word for all these uranyl-based species, so as to distinguish them from free-standing nanotubes. 46 The necessity to find the perfect size match between anionic and cationic parts to favor the formation of closed species subtends the strategy adopted here, consisting in screening both dicarboxylate ligand isomers and counterions.
Luminescence properties. Emission spectra under excitation at 420 nm were recorded for all complexes in the solid state, except for 4 and 10, for which a sufficient quantity of pure sample could not be isolated (however, an attempt at measurement of the spectrum of 10 on an impure sample only showed emission of [Ru(bipy)3] 2+ ). Although uranium is in a tris-chelated hexagonal bipyramidal environment in all cases, there are some variations of the spectra in the series. An interesting point is that the four complexes containing Zn II cations, whatever their dimensionality, possess perfectly superimposable spectra (after normalisation), shown in Figure   13 . These spectra display the usual fine structure associated with the vibronic progression corresponding to the S11 → S00 and S10 → S0ν (ν = 0-4) electronic transitions. 59 The main maxima in the spectra of 1, 3, 6 and 7 are at 463, 481, 501, 523, 546 and 572 nm (± 1 nm), these II -containing complex 2, also shown in Figure 13 , is redshifted with respect to the previous ones by only 1-2 nm. In contrast, the spectrum of the Ni II -containing complex 9 is also well-resolved but it is redshifted by about 12 nm with respect to the previous ones, giving values for the maxima positions significantly larger than those usual for O6 uranyl equatorial environments.
Although badly resolved, the spectrum of the Co II -containing complex 8 displays maxima positions similar to those measured for 9, and the very weak maxima found for the Cu I -containing complex 5 are also located in the same range ( Figure 14) . Uranyl luminescence in 5, and in a lesser measure in 8 also, is largely quenched. For comparison, the emission spectrum of uranyl nitrate hexahydrate is shown in Figure 14 . This spectrum displays four main peaks at 486, 508, 532, and 557 nm, which are redshifted by about 5-11 nm with respect to those for complexes 1-3, 6 and 7, and blueshifted by about 5 nm with respect to those for complexes 8 and 9. 
CONCLUSIONS
We have reported the synthesis, crystal structure and, in most cases, emission spectrum of ten 
